We show that our recently reported microwave photonic jet technique for detection of deeply subwavelength pits in a metal substrate can be extended to optical wavelengths for purposes of high-density data storage. Three-dimensional finite-difference time-domain computational solutions of Maxwell's equations are used to optimize the photonic nanojet and pit configuration to account for the Drude dispersion of an aluminum substrate in the spectral range near λ = 400 nm. Our results show that nanojet-illuminated pits having lateral dimensions of only 50 nm × 80 nm yield a contrast ratio 27 dB greater than previously reported using a lens system for pits of similar area. Such pits are much smaller than BluRay™ features. The high detection contrast afforded by the photonic nanojet could potentially yield significant increases in data density and throughput relative to current commercial optical data-storage systems while retaining the basic geometry of the storage medium.
Introduction
Obtaining the finest possible optical resolution [1, 2] , with specific potential applications to high-density optical data storage [3, 4] and microscopy [5] , has been a long-time area of active research. In this paper, we propose new techniques for high-density optical data storage based upon the photonic nanojet [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The proposed techniques may permit significantly increased data density and throughput relative to current technology while retaining the basic geometry of the optical storage medium.
The photonic nanojet is an intense, narrow beam emerging from the back surface of a plane-wave-illuminated lossless dielectric cylinder or sphere of diameter greater than approximately 1 wavelength (λ). This beam appears for a wide range of diameters of the cylinder or sphere if the refractive index contrast relative to the surrounding medium is less than about 2 : 1. The nanojet propagates with little divergence for several λ into the surrounding medium while maintaining a transverse beamwidth smaller than λ. In fact, a transverse beamwidth as small as 0.3 λ has been reported [15] . The present research was motivated by a key nanojet phenomenon, its giant backscattering perturbation. Namely, inserting a tiny (~ λ€/€100 diameter) particle within the nanojet perturbs the backscattered power of the cylinder or sphere emitting the nanojet by an amount that is comparable to the total backscattered power of the cylinder or sphere [7, 10, 11] .
In a recent paper [18] , we reported the results of dimensionally scaled microwave laboratory experiments at 30 GHz which investigated the potential use of the photonic jet to detect deeply subwavelength pits in an optical data-storage disk. Pits and lands of appropriately scaled dimensions relative to the 1-cm wavelength were machined in an aluminum plate coated with a low-loss dielectric having an optimized thickness. To support the experiments, three-dimensional (3-D) finite-difference time-domain (FDTD) Maxwell's equations computational models [19] were also implemented. Our measurements and FDTD models both showed that pits having a very-small lateral area of λ In this paper, we extend these microwave results to optical wavelengths. We again implement 3-D FDTD computational solutions of Maxwell's equations, but now optimize the photonic nanojet and pit configuration to account for the Drude dispersion of the aluminum substrate in a spectral range near λ = 400 nm. To model the Drude dispersion, we employ the auxiliary differential equation scheme for the pure scattered-field formulation of FDTD presented in [20] , along with a standard perfectly matched layer absorbing outer grid boundary condition [21] . We assume values for the Drude plasma angular frequency ω p and collision frequency γ p reported in [22] .
Our new 3-D FDTD Maxwell's equations computational models indicate that the effects of the Drude dispersion of the aluminum layer near λ = 400 nm can be compensated to yield a robust detection of deeply subwavelength pits comparable to what we measured in our previous microwave experiments. In fact, we have determined that nanojet-illuminated pits having lateral dimensions of only 50 nm × 80 nm yield a contrast ratio fully 27 dB greater than previously reported using a lens system for pits of similar area [23] . (Such pits are much smaller than BluRay™ features.) This high contrast is a consequence of the nanojet's giant backscattering perturbation phenomenon.
Furthermore, as indicated by our FDTD modeling, the high contrast afforded by the photonic nanojet facilitates accessing multiple data values (potentially 10 or more) within a single nanojet footprint using either pit-depth coding or pit-pair separation coding. This could potentially yield significant increases in data density and throughput relative to current commercial systems while retaining the basic geometry of the optical storage medium. Figure 1 illustrates (not to scale) the cross-section and dimensions of our proposed scheme for reading optical data using the photonic nanojet. In Fig. 1 , a 2-μm diameter polystyrene microsphere of refractive index n = 1.59 is placed 160 nm (a) above the optical data-storage medium. This medium is comprised of a grooved 200-nm thick aluminum layer (f) embedded within polymethyl methacrylate-PMMA (b = 480 nm, d = 360 nm). The groove periodicity is 320 nm (2e), and the groove height is 40 nm (c). 10.5 groove periods are modeled. The dotted line in the groove designates a pit, which is assumed to be filled with PMMA. Aluminum layer thickness is maintained in the presence of each pit. Illumination is assumed to be an x-polarized plane wave propagating in the +z-direction.
Modeled geometry
The entire FDTD computational modeling space spans 4 μm × 4 μm × 4 μm with a uniform cubic grid-cell size of 10 nm. Our numerical convergence studies indicated that, using the FDTD Drude dispersion modeling technique presented in [20] , a 10-nm grid-cell size provides an error of only ~ 0.1% in calculating the magnitude of the electromagnetic wave reflection coefficient of aluminum at λ = 400 nm. This is despite the skin depth of aluminum at this wavelength being comparable to the grid-cell size. Figure 2 visualizes the FDTD-computed optical intensity (power density) normalized relative to the incident illumination for the isolated 2-μm diameter polystyrene microsphere illuminated at λ = 393.9 nm. Figure 2 (b) is a 3-D surface plot of the normalized nanojet intensity in the x-y transverse cut-plane located 600 nm from the back-side surface of the microsphere (approximately at the same distance from the microsphere that the data-storage pit is located in subsequent FDTD models). Figure  2 (c) is a 2-D plot corresponding to Fig. 2(b) which juxtaposes the nanojet's elliptical powerdensity distribution with: (1) the circular microsphere perimeter; and (2) a single rectangular data-storage pit incorporated in the subsequent fully populated FDTD models. From this figure, we see that the nanojet excites the data pit with a peak intensity of approximately fourtimes that of the incident plane wave.
Computational results, optimizing the single-pit case
We next consider the nanojet illumination of a single rectangular 50 nm × 80 nm (lateral cross-section) pit in the complete optical data-storage model of Fig. 1. Figure 3 graphs as a function of the nanojet wavelength and the pit depth the ratio of the FDTD-computed backscattered far-field power with no pit present to the computed backscattered far-field power with a single pit present. Figure 3 shows that the far-field no-pit / pit power ratio is generally greater than one, reaching a maximum value of ~600:1 (~28 dB) at λ = 393.9 nm for the optimum pit depth of 30 nm.
This is approximately 500-times (27 dB) greater than the value reported in [23] using a lens system for an octagonal pit having a slightly larger lateral area in square wavelengths. We note that the curves in Fig. 3 are essentially unchanged if a separation of 420 nm or more is maintained between adjacent pits. This is the near zero-crosstalk criterion.
From Fig. 3 , we see that the no-pit / pit power-ratio characteristic for the optimum pit depth is sharply peaked at λ = 393.9 nm. It is clear that taking full advantage of the high peak value of this power-ratio characteristic requires a laser spectral linewidth that is sufficiently less than the width of this characteristic. An example of a commercially available blue (λ = 473 nm) continuous-wave laser diode having an appropriate spectral linewidth (< 0.1 nm) for this purpose is found in [24] , a laser pointer powered by a 3.7 volt lithium-ion battery.
Increased data-storage density via pit-depth coding
For a fixed nanojet wavelength λ = 393.9 nm, Fig. 4 graphs as a function of pit depth (for pit depths greater than 30 nm) the FDTD-computed far-field no-pit / pit power-ratio characteristic for the 50 nm × 80 nm pit studied in Fig. 3 . The observed monotonic decrease in this power ratio over a wide dynamic range suggests the possibility of a pit-depth coding scheme [25] wherein multiple data levels are encoded at the location of a single pit according to its depth, thereby increasing the overall data-storage capacity and retrieval speed. Fig. 4 . FDTD-computed far-field no-pit / pit power ratio vs. pit depth for a 50 nm × 80 nm lateral cross-section pit at the fixed wavelength λ = 393.9 nm. The monotonic nature of this characteristic over a wide range of power ratios and ~ 90 nm of pit-depth variation suggests a pit-depth coding scheme wherein multiple data levels are encoded at the location of a single pit according to its depth.
Increased data-storage density via pit-pair separation coding
We last consider a pair of 50 nm × 80 nm rectangular pits, each having the optimum pit depth of 30 nm. The two pits are assumed to be positioned lengthwise along the y-direction centered within the nanojet's footprint shown in Fig. 2(c) . A variable pit-to-pit separation is analyzed using FDTD modeling.
For a fixed nanojet wavelength λ = 393.9 nm, Fig. 5 graphs the FDTD-computed far-field no-pits / pits power-ratio as a function of the pit-to-pit separation. The observed monotonic increase in this power ratio over a wide dynamic range suggests the possibility of a pit-pair separation coding scheme wherein multiple data levels are encoded within a single nanojet footprint according to the separation of the pair of pits within that footprint. Pit-pair separation coding may permit more encoded data levels than pit-depth coding. While both schemes quantize over the same wide range of backscattered power, the pit-pair separation coding scheme quantizes over a distance metric of ~ 300 nm, which is about threetimes the ~ 90 nm depth metric quantized by the pit-depth coding scheme. Fig. 2(c) . The monotonic nature of this characteristic over a wide range of power ratios and ~ 300 nm of pit-to-pit separation suggests a scheme wherein multiple data levels are encoded at the location of a single pit-pair within the nanojet footprint according to the pit-to-pit separation distance.
Summary, discussion, and ongoing work
We have shown that our recently reported microwave photonic jet technique for detecting deeply subwavelength pits in a metal substrate can be extended to optical wavelengths for purposes of high-density data storage. We implemented 3-D FDTD computational solutions of Maxwell's equations to optimize the photonic nanojet and pit configuration to account for the Drude dispersion of an aluminum substrate in the spectral range near λ = 400 nm. Our computational models indicate that substrate pits having a lateral area of 0.025 square wavelengths, i.e., much smaller than current BluRay™ device features, can be robustly detected with a contrast ratio approximately 27 dB greater than that provided by a lens system. The large monotonic no-pit / pit power ratios achieved using the nanojet suggest the possibility of encoding multiple data levels within the nanojet footprint using either pit-depth coding or pit-pair separation coding.
In ongoing work, we are conducting finer-resolution FDTD simulations to examine the sensitivity of our proposed nanojet-enabled optical data-storage technique to fluctuations of the head-to-media spacing (reported to be < 3 nm, even at 3000 rpm [4] ). In this regard, we are also studying the use of a silica microsphere that generates a longer nanojet which would allow increasing the head-to-media spacing. Finally, we are using FDTD modeling to study sensitivities to reported state-of-the-art levels of radial and azimuthal tilts of the media.
